Objective: To relate in-hospital mortality to early transfusion of plasma and/or platelets and to time-varying plasma:red blood cell (RBC) and platelet:RBC ratios.
I

NJURY IS INCREASING IN INCI-
dence, the second leading cause of death worldwide, and the leading cause of years of life lost in the United States.
1,2 Uncontrolled hemorrhage after injury is the leading cause of potentially preventable death. [3] [4] [5] [6] [7] [8] [9] As opposed to other major causes of traumatic death (eg, traumatic brain injury and multiple organ failure), hemorrhagic deaths occur quickly and are frequently associated with massive transfusion (MT) (traditionally defined as Ն10 units of red blood cells [RBCs] in 24 hours). 10, 11 Current transfusion practices consist of infusing crystalloid, RBCs, plasma, and platelets and date back to the 1970s when separation of donated whole blood into its component parts became commonplace. [12] [13] [14] [15] [16] A new resuscitation strategy, termed damage control resuscitation, is challenging the status quo. 17 The term originated in the US military and refers to the guidelines developed for combat casualties with substantial bleeding in Iraq and Afghanistan. Among other interventions, this approach recommends earlier and more balanced transfusion of plasma and platelets along with the first units of RBCs (ie, maintaining plasma:platelet: RBC ratios closer to the 1:1:1 ratio of whole blood) while simultaneously minimizing crystalloid use [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] in patients to avert or reverse the triad of coagulopa-thy, acidosis, and hypothermia 25, [28] [29] [30] and decrease endothelial permeability. [31] [32] [33] Conflicting findings regarding the association between transfusion ratios closer to 1:1 and survival in MT trauma patients have been reported 29, [34] [35] [36] and attributed to multiple issues, including survival bias. 34, 35, 37, 38 Survival bias, also known as reverse causation, is a prevalent, important, and often neglected problem in clinical observational studies, systematic reviews, and comparative effectiveness research. 39, 40 In trauma resuscitation research, the conundrum of reverse causation is whether treatment caused patients to survive longer or patients received treatment only because they survived long enough. Without compelling evidence to guide uniform transfusion practice for trauma patients with substantial bleeding after injury, considerable variation persists across level I trauma centers. 14, 19, 41 Using prospective, minute-to-minute observational data from 10 level I trauma centers, our objectives were to accurately describe when RBCs, plasma, and platelets were infused and to assess the association between inhospital mortality and the timing and amount of blood products. One purpose of observational clinical studies is to inform the design of future randomized trials, and exploratory analysis can provide critical information regarding trial feasibility, realistic estimates of expected effect size, and unique insights from real-world health care settings. Thus, we describe the rationale, results, and lessons learned from our exploratory analyses of Prospective, Observational, Multicenter, Major Trauma Transfusion (PROMMTT) study data. 42 We hypothesized that early transfusion of plasma and platelets in higher ratios would be associated with decreased in-hospital mortality in bleeding patients.
METHODS
STUDY SAMPLES
The PROMMTT Study was a prospective, multicenter, observational cohort study conducted at 10 level I trauma centers in the United States. At each study site and the Data Coordinating Center, the local institutional review board approved the study. The US Army Human Research Protections Office provided a second-level review and approval. 42 Trauma patients were enrolled in the PROMMTT Study and data collection was begun at emergency department arrival. Patients were eligible if they required the highest level of trauma activation, were aged 16 years or older, and received a transfusion of at least 1 unit of RBCs in the first 6 hours after admission. Patients were excluded if they met the following criteria: (1) were transferred from other facilities; (2) were declared dead within 30 minutes of admission; (3) had received more than 5 minutes of cardiopulmonary resuscitation prior to or within 30 minutes of admission; (4) were prisoners; (5) had a burn injury of more than 20% of the total body surface area; (6) had inhalation injury as diagnosed by bronchoscopy; or (7) were pregnant. If ineligibility was first identified sometime after enrollment, the patient was withdrawn from the study and postenrollment data were destroyed. No changes in clinical practice were implemented in this observational study. All participating centers had MT protocols in place. 42 
DATA COLLECTION AND MANAGEMENT
Standard operating procedure manuals were developed and site coordinators were trained in a series of meetings. Research assistants available at all hours screened and enrolled patients, recording the exact times of fluid infusion and blood product transfusion as well as patient outcomes during direct observation. Direct bedside observation began at trauma team activation and continued until active resuscitation ended (defined as the time the center transfusion protocol was discontinued, death occurred, or 2 hours elapsed since the last blood product transfusion, whichever came first). After direct observation ended, new interventions, complications, and outcomes were recorded daily while the patient was in the intensive care unit and weekly thereafter during hospitalization. Cause of inhospital death was ascribed by individual site clinicians without confirmation or central adjudication. Sites of bleeding were ascertained by data collectors. The Data Coordinating Center audited study data for missing values and outliers. 42 Some severely injured patients did not undergo routine baseline assessments (eg, base deficit, temperature, international normalized ratio, pH) owing to the emergent nature of their injuries ( Table 1) .
STATISTICAL ANALYSIS
The primary outcome of interest was in-hospital mortality. In the original analysis plan, the primary independent variables were single plasma:RBC and platelet:RBC transfusion ratios. 42 Under the assumption that each patient would receive constant ratios of plasma and platelets during the period of active resuscitation, the PROMMTT Study was designed to enroll 1200 transfused and 300 MT patients. Previous retrospective studies suggested that higher plasma and platelet ratios occurred in about 25% to 50% of MT patients 19 and were associated with at least a 50% decrease in mortality relative to lower ratios. 19, 23, 43 Thus, at the ␣ = .05 significance level, a total of at least 300 PROMMTT Study MT patients was expected to provide 80% power 44 to detect differences of at least 50% in mortality between 2 groups of patients classified by transfusion ratios (ratios closer to 1:1 vs ratios closer to 1:2).
Previous retrospective trauma transfusion studies have focused on the subgroup of MT patients, effectively excluding bleeding patients who did not survive long enough to receive 10 RBC units and heightening the concern for survival bias. 19, 37 Finding reliable and immediate indicators for patients' blood loss and continuing hemorrhage rates is a challenge in trauma transfusion practice and research. 45 Cumulative counts of patients' total RBC units received within 6 to 24 hours (especially to identify the MT subgroup) remain a standard, but poor, surrogate. Soon after the PROMMTT Study began, we realized the need to revise the original analysis plan to account for heterogeneity among patients (eg, variations in the severity of blood loss and rates of continuing hemorrhage) and trauma centers (eg, variations in blood product availability, MT protocols, and blood bank to bedside transit times). [34] [35] [36] [37] We therefore sought an exploratory approach to analysis that would incorporate the requirements for time-dependent and multilevel techniques and thereby reduce the potential for bias.
To test the hypothesis that plasma:RBC and platelet:RBC ratios closer to 1:1 were independently and jointly associated with lower in-hospital mortality than transfusion ratios closer to 1:2, we reasoned that only PROMMTT Study patients surviving long enough to receive at least 3 blood product units (including 1 unit of RBCs) should be eligible to be included in the analysis. Patients who had received a transfusion of less than 3 units by hour 24 (or death) had no opportunity to attain 1:1 ratios for both plasma:RBCs and platelets:RBCs (ie, the same ratios as whole blood). Follow-up time at risk of death for each patient began at minute 31 or the start of the third unit transfused, whichever occurred last because eligible PROMMTT Study patients had to survive the first 30 minutes after admission and long enough to receive at least 3 blood product units. Cumulative ratios of plasma:RBCs and platelets:RBCs and summed counts of blood products transfused were computed at baseline (entry to follow-up) and for up to 14 consecutive time intervals: (1) two 15-minute intervals between minute 31 and hour 1; (2) ten 30-minute intervals between more than 1 and 6 hours; (3) one 18-hour interval between more than 6 and 24 hours; and (4) one 29-day interval between more than 24 hours and 30 days. The timing of transfusion was defined by the time of initiation of each transfusion. Cell-saver transfusions were not enumerated or combined with donor blood products in these analyses.
We first examined whether transfusion ratios among PROMMTT Study patients in the analysis cohort were constant across time by using mixed linear regression models for both continuous plasma:RBC and platelet:RBC ratios. We then performed multilevel time-dependent Cox proportional hazards regression that uses time as a continuous variable to accommodate the following: (1) varying entry times for this dy- namic analysis cohort; (2) time-varying cumulative sums of transfusion, plasma:RBC ratios, and platelet:RBC ratios; (3) important patient baseline covariates; and (4) any residual variation in mortality rates due to unmeasured center influences. Center random effects were assessed using shared frailty, which assumed a single hazard factor (eg, unmeasured clinical practices) for each trauma center shared by all of its patients. Hazard ratios (as an estimate of standard relative risk), 95% CIs, and P values were estimated. Similar to previous retrospective studies of the association between transfusion ratios and in-hospital mortality among trauma patients, 19 our initial time-dependent Cox analysis spanned the entire follow-up period of 30 days, and a separate analysis focused on the first 24 hours after emergency department admission. The proportional hazards assumption was tested using Schoenfeld residuals for each covariate and the global test proposed by Grambsch et al. 46 Results from these tests suggested significant violations of the assumptions underlying the Cox models for both the full 30-day period (global test, P Ͻ .001) and the first 24 hours of follow-up (global test, P Ͻ .001), so subsequent analyses are presented in 3 intervals (30 minutes to 6 hours, Ͼ6 hours to 24 hours, and Ͼ24 hours to 30 days). In the models stratified by these time intervals, the proportional hazards assumptions were not violated (global test, P = .13, .48, and .40, respectively). Because transfusions were generally completed by 6 hours, only the proportional hazards model for the first interval (30 minutes to 6 hours) included time-dependent covariates.
We applied purposeful variable selection strategies 47 that retained in all models the plasma and platelet ratios as the primary independent variables of interest and the sum of transfusions, age, time interval at cohort entry, and Injury Severity Score as the primary potential confounders of interest. The remaining covariates of head, chest, and limb bleeding sites were retained in all models because they were significant at the ␣ = .05 level and changed the magnitude of the plasma or platelet ratio coefficients by more than 20% when compared with models excluding them for 1 or more of the separate time intervals examined. The other candidate covariates listed in Table 1 did not change the magnitude of the plasma or platelet ratio coefficients by more than 20% and were not significant when compared with models excluding them; they were therefore not retained in the final models. 48 No interactions (each transfusion ratio multiplied by the alternative ratio or a primary covariate) were significant at the ␣ = .05 level. The transfusion ratios were also modeled categorically using clinically relevant cut points. The lowest ratios (Ͻ1:2) defined the reference group; ratios of 1:2 or higher and of less than 1:1 defined the moderate group; and ratios of 1:1 or higher defined the high group. Patients discharged in less than 30 days were censored alive at 30 days.
All analyses were performed using SAS/STAT version 9.2 statistical software for Windows (SAS Institute, Inc) and Stata/MP version 11 statistical software (StataCorp LP). Manuscript preparation was guided by the Strengthening the Reporting of Observational Studies in Epidemiology statement for the reporting of cohort studies in epidemiology 49 and the Standards for Quality Improvement Reporting Excellence standards for the reporting of improvement studies in health care. 50 
RESULTS
There were 34 362 trauma admissions in the 10 centers over an average of 58 weeks. Data collection was initiated for 12 560 patients; of these, 11 315 became ineligible and were withdrawn from the study and 1245 met all PROMMTT Study eligibility criteria. Of these, 905 received a transfusion of 3 or more units of blood products, thus meeting the eligibility criteria for the analysis cohort (eFigure, http://www.jamasurg.com). Overall inhospital mortality was 21% for all 1245 transfused patients and 25% for patients included in the analysis cohort (Table 1) .
Among cohort patients, 94% of hemorrhagic deaths occurred within 24 hours, the majority of these deaths (60%) occurred within 3 hours of admission ( Table 2) , and the median time to hemorrhagic death was 2.6 hours (interquartile range, 1.7-5.4 hours). The principal causes of in-hospital death after 24 hours were multiple organ failure and brain injury.
Neither plasma:RBC nor platelet:RBC ratios were constant across the first 24 hours among individual patients ( Figure 1 ) (P Ͻ .001 for each patient in the analysis cohort). The time-varying nature of plasma and platelet transfusion practice across the analysis cohort is illustrated in Figure 2 . Thirty minutes after admission, 67% of cohort patients had not received plasma, while 99% had not received platelets. Three hours after admission (the peak time of hemorrhagic death), 10% of surviving cohort patients had not received any plasma, while 28% of survivors had not received platelets. For each successive hour survived (up to hour 6), patients were more likely to receive plasma and platelets and hence were more likely to approach ratios of 1:1. By 30 minutes, 1 hour, 2 hours, 3 hours, and 6 hours after admission, ratios exceeded 1:2 in 29%, 47%, 69%, 78%, and 84% of surviv- ing cohort patients for plasma and in 1%, 14%, 40%, 60%, and 80% for platelets, respectively. The protective association between higher transfusion ratios and mortality in the first time interval (minute 31 to hour 6) diminished during the next 2 time intervals ( Table 3) . The trend for plasma ratios suggested that the decreased mortality risk observed during the first 6 hours (adjusted hazard ratio = 0.31; P = Ͻ.001) switched direction and became nonsignificant by the final follow-up period of more than 24 hours to 30 days (adjusted hazard ratio = 1.21; P = .20). The association between the platelet:RBC ratio and mortality remained below the null but was not significant for either of the later periods. Additionally, bleeding from the chest was associated with higher mortality during the first 6 hours; in contrast, among patients who survived longer than 6 hours, bleeding from the chest was associated with lower mortality.
To facilitate clinical use, we repeated the same Cox models but substituted patients' continuous transfusion ratio values with 3 categorical ones ( Table 3 ). In the initial 6-hour interval, patients in the moderate-and highratio groups had lower mortality rates than the lowratio group (P Ͻ .001 for each of the higher plasma ratio groups; P = .04 for the high platelet ratio group). In both subsequent intervals, mortality among survivors was not associated with the categorical ratios.
COMMENT
In-hospital mortality among 1245 trauma patients receiving at least a single unit of RBCs within 6 hours of admission was 21% (Table 1) , while cohort patients with 3 or more units transfused had in-hospital mortality of 25%, among the highest of any acute surgical disease process. The major findings were that patients did not receive a constant ratio during the period of active resuscitation and that early infusion of higher plasma and platelet ratios was associated with decreased mortality within 6 hours of admission, during which 81% of the hemorrhagic deaths had occurred ( Table 2 ). The protective association between higher transfusion ratios and in-hospital mortality appears strongest within 6 hours and diminishes over time as the primary causes of mortality shift from exsanguination to head injury, respiratory distress, organ failure, and infection after the first 24 hours. These time trends reflect heterogeneity as the dynamic cohort of injured patients changes during the course of hospitalization in composition and risk profile owing to mortality. Survivors avoiding early hemorrhage-related mortality face the longer-term competing risks of death from complications (eg, multiple organ failure) or multiple injuries (eg, head injury). The significant protective association between higher blood product ratios and mortality that we observed was concentrated in the first 24 hours for plasma and the first 6 hours for platelets. Thereafter, during the later time periods of high competing risks for nonhemorrhagic causes of death among severely injured patients, plasma and platelet ratios were not significantly associated with mortality.
Survival bias may have threatened previous studies that used (1) the traditional definition of MT and therefore excluded patients who had substantial bleeding but died early 19, 29, 34, 35, 51 ; (2) a single cumulative ratio for plasma or platelets up to the time of death or 6 to 24 hours after admission and therefore did not account for timedependent treatment 19, 23, 29, 35, 36, [52] [53] [54] [55] ; and (3) 30-day or overall in-hospital mortality as the primary end point, which conflates competing mortality risks. 19, 23, 28, 29, [34] [35] [36] [51] [52] [53] [54] [55] [56] Our prospective study design, detailed real-time data collec- Abbreviations: ED, emergency department; HR, hazard ratio; RBC, red blood cell. a Time-dependent Cox model examining the association of plasma and platelet ratios with mortality within 6 hours of ED admission, adjusted for the sum of blood product transfusions (also time varying), baseline covariates, and center random effects. Of 904 patients with complete data who entered the cohort over 24 hours, 876 entered the cohort during this initial interval and 94 died within the 5.5 hours of follow-up.
b Covariate HRs are not repeated because differences were negligible comparing the models with categorical vs continuous transfusion ratios. c Regular Cox model examining the association of cumulative plasma and platelet ratios with mortality between more than 6 to 24 hours after ED admission, adjusted for baseline covariates and center random effects. Of 809 patients surviving the initial 6 hours, 27 patients entered the cohort in the second interval and 37 died within the next 18 hours of follow-up. d Regular Cox model examining the association of cumulative plasma and platelet ratios with mortality between more than 24 hours to 30 days after ED admission, adjusted for baseline covariates and center as a fixed effect (the model did not converge with site as a random effect). Of 773 patients surviving 24 hours, 1 patient entered the cohort in the third interval and 88 died within the next 29 days of follow-up.
tion methods, and analysis strategies attempted to minimize the effect of survival bias.
In rapidly and substantially bleeding trauma patients, inadequate transfusion of plasma and platelets is associated with early death. However, the actual transfusion of blood products is a complicated balance between rapid recognition of need, ordering of appropriate products, product availability in the blood bank and emergency department, obtaining those products quickly, and appropriate infusion. Unless these steps are orchestrated in an integrated fashion, delayed infusion and suboptimal ratios will occur ( Figure 1 and Figure 2 ). Clinicians must rapidly identify patients who are substantially bleeding, and several predictive algorithms have been developed to do this. [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] Once bleeding patients have been identified, constant ratios are not infused and heterogeneous transfusion practice persists (Figure 2) . Clinicians at PROMMTT level I trauma centers ultimately delivered plasma ratios of 1:1 and 1:2 within 6 to 24 hours to surviving patients. However, platelet infusion lagged behind with only 72% of patients receiving platelets by hour 3, the median time to hemorrhagic death.
Stratifying by time interval and including timedependent covariates (Table 3 ) revealed how early infusion and increased ratios were associated with decreased mortality (30 minutes to 6 hours). However, it is difficult to translate hazard ratios for continuous variables into a physician's order to the blood bank for the delivery of specific blood product amounts. Therefore, we created 3 clinically relevant categories and found that a 1:1 ratio of plasma and platelets was associated with decreased early mortality compared with lower ratios (Table 3) .
The strengths of this study are its prospective multicenter design and teaming a dedicated Data Coordinating Center (epidemiologists, informatics experts, and biostatisticians) with a group of level I trauma centers. By identifying patients who received at least 3 units of blood products instead of focusing on MT patients, we reduced one important source of survival bias. Accurate recording of the actual timing of blood product transfusions combined with appropriate data analysis strategies addressed another source of survival bias, ie, the timevarying nature of blood transfusions and mortality. Limitations of our observational study include missing values on potentially important covariates, which are unavoidable in observational studies of severely injured trauma patients, and other unmeasured but potentially important confounders and effect modifiers (eg, the time of and rationale for physicians' orders for RBCs, plasma, and platelets). Survival was not ascertained after discharge; however, deaths within days of discharge from an acute care hospital are infrequent (Ͻ2%). 68 Finally, causes of death were assigned by individual site clinicians without confirmation or central adjudication.
In summary, these prospective data suggest that the association between earlier and higher ratios of plasma and platelets and decreased in-hospital mortality is concentrated in the first 6 hours in patients with substantial bleeding. In the first 6 hours, patients with ratios lower than 1:2 were 3 to 4 times more likely to die than patients with ratios of 1:1 or higher. Among survivors at 6 hours, the subsequent risk of death by hour 24 was higher for patients with low plasma ratios. Among survivors at 24 hours, the subsequent risk of death by day 30 was not associated with plasma or platelet ratios. Furthermore, these data highlight the serious problems of survival bias and competing risks in most previous trauma resuscitation studies 37, 56 and emphasize the need for definitive comparative effectiveness trauma transfusion research.
Survival bias can be eliminated only in a randomized trial with appropriate design and analysis strategies. However, it can threaten even a randomized trial if study patients are stratified by postrandomization events such as the conventional MT definition. This study supports a potential net survival benefit of early and higher plasma and platelet ratios to be assessed in a randomized trial. 69 Our findings offer guidance and evidence for designing a rigorous, multicenter, randomized transfusion trial by identifying the following: (1) transfusion ratios in common use at level I trauma centers; (2) well-defined end points (eg, 3, 6, and 24 hours and 30-day mortality); (3) appropriate data analysis strategies accounting for timevarying covariates; (4) effect size estimates for power and sample size considerations; (5) patients for whom interventions should be targeted; and (6) procedures that promote integrated, consistent transfusion practices across individual clinicians, blood banks, research teams, and trauma centers.
